Curli are extracellular surface fibers that are produced by many members of the Enterobacteriaceae and contribute to biofilm formation. The environmental cues that promote biofilm formation are poorly understood. We found that deletion of the N-acetylglucosamine-6-phosphate (GlcNAc-6P) deacetylase gene, nagA, resulted in decreased transcription from the curli-specific promoters csgBA and csgDEFG and a corresponding decrease in curli production in Escherichia coli. nagA is in an operon that contains nagB, nagC, nagD, and nagE, whose products are required for utilization of GlcNAc as a carbon source. NagC is a repressor of the nagBACD and nagE genes in the absence of intracellular GlcNAc-6P. We found that nagC mutants were also defective in curli production. Growth of a wild-type strain on media containing additional GlcNAc reduced curli gene transcription to a level similar to the level observed when nagA was deleted. The defect in curli production in nagA or nagC mutants was alleviated by deletion of the GlcNAc transporter gene, nagE. Curli-producing ⌬nagA suppressor mutants whose cells were unable to take up GlcNAc were isolated. These results suggest that elevated levels of intracellular GlcNAc-6P signal cells to down-regulate curli gene expression.
Bacteria produce a wide variety of extracellular surface structures that help them adapt to their environments. These structures include curli, pili, flagella, and capsule among others. Such structures facilitate binding to host tissues, interactions with other bacteria, secretion of molecules, and motility. Curli are produced by many members of the Enterobacteriaceae (6, 56) and are associated with biofilm formation, host cell adhesion and invasion, and immune system activation (4, 5, 22, 27, 51, 53, 56) . Curli fibers also share biochemical and structural characteristics with eukaryotic amyloid fibers and therefore provide an excellent model system for understanding amyloid fiber formation.
Two divergently transcribed operons, csgBA and csgDEFG, are required for curli production in Escherichia coli (24) . Nearly identical operons have been identified in Salmonella spp. (12, 47) . The csgBA operon encodes the major curli subunit CsgA and the nucleator protein, CsgB. The csgDEFG operon encodes four accessory proteins that are required for curli assembly. In the absence of CsgG, the curli subunits CsgA and CsgB are unstable, and no curli are formed (30) . CsgG forms barrel-shaped homo-oligomers at the outer membrane and is hypothesized to be the pore through which CsgA and CsgB are secreted (45) . csgF mutants secrete soluble, unpolymerized CsgA, suggesting that CsgB is nonfunctional in the absence of csgF (11) . csgE mutants assemble ϳ90% fewer fibers than wild-type (Wt) strains assemble, and the steadystate levels of CsgA and CsgB are reduced (11) . Both CsgE and CsgF interact with CsgG at the outer membrane (45) . CsgD is a positive transcriptional regulator of the csgBA promoter, but it does not regulate the csgDEFG promoter (24, 48) . CsgD has also been shown to regulate genes required for the production of cellulose (57) , which along with curli makes up the extracellular matrix produced by many enteric bacteria.
Curli gene expression is regulated in response to different environmental cues (for a review see reference 21). Regulators of csgD have an indirect effect on csgBA expression because CsgD is required for csgBA transcription. Curli genes are maximally expressed during stationary phase, and csgD expression is dependent on the stationary-phase sigma factor RpoS (2) . Crl is a positive regulator of curli gene expression and many other stationary-phase induced genes (34, 43) . Crl and RpoS interact to promote maximal curli gene expression (7) . MlrA is a positive transcriptional regulator of csgD, and its expression is dependent on RpoS (8) . Three two-component regulatory systems, Rcs, CpxA/R, and OmpR/EnvZ, regulate curli gene expression. The Rcs pathway positively regulates capsule synthesis in response to changes in the cell surface and negatively regulates both curli operons (19, 26, 31, 52) . The CpxA/R system, which responds to envelope stress, negatively regulates both curli operons (16, 18) . The OmpR/EnvZ system responds to changes in osmolarity and positively regulates csgD expression (47, 53) . Two global regulatory factors, IHF and HN-S, influence curli gene expression. IHF positively regulates csgD expression (20) , and HN-S positively or negatively regulates curli gene expression depending on the genetic background of the strain (2, 20, 34) .
In this study we found that curli gene expression is responsive to high levels of intracellular N-acetylglucosamine-6-phosphate (GlcNAc-6P). When high levels of GlcNAc-6P accumulate in the cell, the nag genes (nagABCDE) are activated and support utilization of GlcNAc as a carbon source ( Fig. 1) (35, 41) . The nag genes are transcribed divergently as nagE and nagBACD transcripts. NagE is located in the inner membrane and transports GlcNAc into the cytoplasm, where it is immediately phosphorylated by the phosphotransferase system to form GlcNAc-6P, which is converted to glucosamine-6-phosphate (GlcN-6P) by the deacetylase NagA (25, 29, 41, 46, 55).
NagB deaminates GlcN-6P to form fructose, which can be used in glycolysis (41, 46, 55) . NagC acts as a transcriptional repressor of the nag genes when GlcNAc is not available (36, 38, 40) . A role for NagD in GlcNAc metabolism and transport has not been identified. Regulation of surface fibers by GlcNAc appears to be common because type 1 pili produced by E. coli are also regulated by intracellular GlcNAc-6P levels (50) .
MATERIALS AND METHODS
Bacterial growth. To induce curli production, bacteria were grown at 26°C for 48 h on YESCA plates ( 4 , 1% leucine, 1% threonine, 0.1% thiamine, and 0.4% GlcNAc or glucose.
When needed, antibiotics were added to plates at the following concentrations: kanamycin, 50 g/ml; chloramphenicol, 25 g/ml; and ampicillin, 100 g/ml.
Bacterial strains and plasmids. Strains and plasmids used in this study are listed in Table 1 . Deletion mutants were constructed by the method of Datsenko and Wanner (17) . The primers used for deletion mutagenesis are listed in Table 2 . To construct the deletion strains, the primer pairs indicated in Table 1 were used to PCR amplify the antibiotic resistance genes from pKD3 (chloramphenicol) or pKD4 (kanamycin). The PCR products were electroporated into strain MC4100 or C600 expressing the red recombination system from pKD46 (17) . Strains MMB103 (⌬nagA), MMB173 (⌬nagAD), and SKM2 (⌬nagEA) were obtained by P1 transduction of the ⌬nagA allele into strain C600, MMB161 (⌬nagD), or MMB152 (⌬nagE). Strain MMB152 (⌬nagE) was transformed with pKD46, and the ⌬nagC:Kn r PCR product was electroporated into it to create strain MMB185 (⌬nagEC). Strains MMB103 (⌬nagA), MMB171 (⌬nagC), and LSR6 (C600: ⌬csgBA ⌬csgDEFG) (11) were transformed with pKD46, and the ⌬lacZ:Cm r PCR product was electroporated into these strains to create strains MMB1035 (⌬nagA ⌬lacZ), MMB1714 (⌬nagC ⌬lacZ), and MMB661 (⌬csgBA ⌬csgDEFG ⌬lacZ). All deletion mutants were checked by PCR.
nagA and nagC were PCR amplified from C600 genomic DNA, and the PCR products were cloned into the EcoRI and BamHI sites of pTrc99A (1), creating pNagA and pNagC (Tables 1 and 2 ). pNagC4 was constructed by PCR amplifying nagC from a CR ϩ ⌬nagA suppressor strain and cloning the PCR product into the EcoRI and BamHI sites of pTrc99A, creating pNagC4 (Tables 1 and 2 ). The plasmids were sequenced at the University of Michigan sequencing center.
pBA-14 was constructed by subcloning the ScaI/BamHI fragment from pLR2 (45) , which contained the csgBA promoter, into the SmaI and BamHI sites of pRJ800 (a pBR322 derivative containing a promoterless lacZ gene) (44) . pD-1 was constructed by PCR amplifying the csgDEFG promoter from chromosomal DNA (Tables 1 and 2 ). This fragment was cloned into pCR2.1 (Invitrogen), creating pTopoIGR6. Following sequencing, the EcoRI and BamHI fragment was subcloned from pTopoIGR6 into pRJ800, creating pD-1. pBA-14 contained the csgBA promoter fused to lacZ, and pD-1 contained the csgDEFG promoter fused to lacZ. Table 2 that were used to construct the deletion strain or to PCR amplify the gene. If no primers are indicated, see the text for details concerning strain or plasmid construction.
Electron microscopy. Bacteria were grown on YESCA plates for 48 h at 26°C. Samples were stained with uranyl acetate as described previously (11) and were viewed using a Phillips CM10 microscope.
SDS-polyacrylamide gel electrophoresis and Western blotting. Bacteria were grown on YESCA plates for 48 h at 26°C. Bacteria were scraped off plates and resuspended in 10 mM Tris (pH 7.4), which was followed by normalizaton by optical density at 600 nm. To monitor CsgA stability, samples were briefly treated with formic acid as described previously (14) . Whole-cell lysates were electrophoresed on 13% sodium dodecyl sulfate (SDS)-polyacrylamide and blotted onto polyvinylidene difluoride using standard techniques. CsgA and CsgG polyclonal antibodies were raised in rabbits with the purified proteins (Proteintech, Chicago, IL) and were used at dilutions of 1:10,000 and 1:100,000, respectively. The secondary antibodies were anti-rabbit antibodies conjugated to horseradish peroxidase (Sigma, St. Louis, MO) and were used at a dilution of 1:5,000. Western blots were developed using the Pierce super signal detection system. ␤-Galactosidase assays. Bacteria were grown on YESCA plates or buffered YESCA plates with and without 10 mM GlcNAc. YESCA plates were buffered at pH 8.1 with 0.1 M N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES) (Sigma, St. Louis, MO). Samples were taken after 48 h of growth at 26°C. Bacteria were scraped off the plates and resuspended in 1 ml of 50 mM Tris (pH 8). ␤-Galactosidase assays were performed as described previously (33) .
Isolation of CR ؉ ⌬nagA suppressor strains. Overnight cultures of Wt strain C600 or ⌬nagA mutant MMB103 were grown in LB, and 10 l of each culture was plated onto a CR-YESCA plate. The bacteria were grown at 26°C for 96 h. After 96 h of growth CR ϩ ⌬nagA suppressors appeared. These CR ϩ ⌬nagA suppressors were struck out and isolated as single colonies to obtain a pure population of CR ϩ ⌬nagA suppressors. Sequencing nagE and nagC from CR ؉ ⌬nagA suppressor strains. nagE and nagC were PCR amplified from genomic DNA from 11 CR ϩ ⌬nagA suppressor strains using primers NagEptop and NagE200B and primers NagCEcoR1 and NagCBamH1, respectively ( Table 2 ). The PCR products were sequenced at the University of Michigan sequencing center. nagC was sequenced using the same primers that were used for PCR. nagE was sequenced using primers NagEptop, NagESacI, NagEmidtop, and NagEendtop (Table 2) .
RESULTS
High levels of GlcNAc-6P in the cell cause a defect in curli production. Curli-producing bacteria stain red on plates amended with CR, while noncurliated strains remain white (13) . The nagA gene was identified in a transposon mutagenesis screen by assaying for mutants that were defective in CR binding (23) . In order to verify this observation and further characterize this phenomenon, we constructed nonpolar nagA deletions in E. coli strains C600 and MC4100 and found that they were defective in CR binding ( Fig. 2A) . CR binding was restored in the nagA deletion strains by expression of nagA in trans ( Fig. 2A) . Deletion of nagA in C600 resulted in a more dramatic reduction in CR binding compared to the reduction with the same deletion in MC4100 ( Fig. 2A) . Electron microscopy analysis demonstrated that while only a few ⌬nagA bacteria produced curli, the fibers that were observed were structurally similar to those produced by Wt strains (Fig. 2C and D) .
Nonpolar deletions of nagB, nagD, and nagE had no effect on CR binding (Fig. 2B) , while deletion of nagC resulted in modestly reduced CR binding (Fig. 2B) . The defect in CR binding in the ⌬nagC strain was complemented by expression of nagC in trans (see Fig. 5B ). Deletion of all the nag genes (⌬nagBACD ⌬nagE) resulted in a CR ϩ phenotype (Fig. 2B ), demonstrating that nagA and nagC were not required for curli production in the absence of other nag genes. One plausible explanation for why the ⌬nagC and ⌬nagA strains were defective in curli production was that these strains still import GlcNAc through NagE, resulting in high intracellular levels of GlcNAc-6P. In nagA mutants, GlcNAc-6P is not converted to GlcN-6P (55), causing GlcNAc-6P to accumulate in the cell. In nagC mutants, the nag genes are constitutively active, resulting in high levels of both nagE transcription and nagA transcription. The higher levels of nagE transcription in nagC mutants likely result in more GlcNAc transported into the cell and therefore higher intracellular GlcNAc-6P levels. To test the hypothesis that NagE-mediated transport of GlcNAc into the cell was required for the reduction in curli production in nagA and nagC mutants, nagE/nagA and nagE/nagC double deletion mutants were constructed. Both ⌬nagEA and ⌬nagEC strains bound CR with efficiency similar to that of the Wt (Fig.  2B) . ⌬nagAB, ⌬nagAC, and ⌬nagAD strains were defective in CR binding (data not shown).
CsgG and CsgA steady-state levels are reduced in ⌬nagA and ⌬nagC strains. The stability of CsgA and CsgG was tested using different nag mutants. CsgA polymerizes into an SDSinsoluble fiber on the cell surface (15) . Therefore, whole cells were treated with formic acid to liberate CsgA monomers for Western analysis. In strains that were CR Ϫ (⌬nagA, ⌬nagC, ⌬nagAB, ⌬nagAC, and ⌬nagAD) (Fig. 2B and data not shown), the steady-state levels of CsgA and CsgG were greatly reduced compared to the levels in the Wt (Fig. 3A, lanes 2, 4, 8, 14 , 16, and 18, and Fig. 3B, lanes 1, 2, 4, 8, 9 , and 10). The ⌬nagC strain, which had an intermediate CR binding phenotype, consistently produced more CsgA and CsgG than the ⌬nagA strain produced ( Fig. 2B; Fig. 3A , lanes 4 and 8; and Fig. 3B, lanes 2 and  4) . In strains that were CR ϩ (⌬nagB, ⌬nagD, ⌬nagE, ⌬nagEA, ⌬nagEC, and ⌬nagBACD ⌬nagE) (Fig. 2B ) the CsgA and CsgG levels were similar to those in the Wt (Fig. 3A, lanes 2, 6, 10 , 12, 20, 22, and 24, and Fig. 3B, lanes 1, 3, 5, 6, 7, 11, and 12) . 
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Because CsgG is required for the stability and secretion of CsgA (30), we examined whether overexpression of CsgG could restore CR binding to a ⌬nagA strain. Expression of CsgG from the trc promoter in a ⌬nagA strain resulted in amounts of outer membrane-localized CsgG similar to the amounts in the Wt (data not shown). However, CR binding was not restored in this strain (data not shown), suggesting that CsgG mislocalization or stability was not solely responsible for the curli deficiency in the ⌬nagA strain.
Transcription from the csgBA and csgDEFG promoters is reduced in ⌬nagA and ⌬nagC strains. The decreases in the steady-state levels of CsgA and CsgG in the ⌬nagA and ⌬nagC strains could have been due to a defect in csg transcription. Transcription from the csgBA and csgDEFG promoters was monitored in ⌬nagA and ⌬nagC strains. Two plasmids (pBA-14 and pD-1) in which the csgBA or csgDEFG promoter region was fused to lacZ were constructed. Wt (MMB200), ⌬nagA (MMB1035), ⌬nagC (MMB1714), and ⌬csgBA ⌬csgDEFG (MMB661) strains were transformed with pBA-14 and pD1, and the ␤-galactosidase activity in each of the strains was monitored after 48 h of growth on YESCA plates. In the ⌬nagA strain, the csgBA promoter activity was reduced sevenfold compared to the activity in the Wt strain and the csgDEFG promoter activity was reduced almost twofold (Table 3 ). In the ⌬nagC strain the csgBA promoter activity was reduced almost twofold, while the csgDEFG promoter activity was modestly affected (Table 3) . csgBA promoter activity was eliminated in a ⌬csgBA ⌬csgDEFG strain (Table 3) , which is consistent with previously described work that demonstrated that CsgD is required for csgBA promoter activity (24) . csgDEFG promoter activity was slightly reduced in the ⌬csgBA ⌬csgDEFG strain (Table 3) . Previous work with Salmonella enterica serovar Typhimurium demonstrated that csgDEFG promoter activity was not affected in a csgD mutant strain (48) . Both csgBA and csgDEFG promoter activities were reduced when the Wt strain was grown on YESCA containing 300 mM NaCl, which is consistent with previously published reports (data not shown) (49) .
One plausible explanation for the decrease in csgBA and csgDEFG promoter activity in ⌬nagA and ⌬nagC strains is that there was an artificially high level of GlcNAc-6P inside the cells. To test this possibility, the Wt strain containing the csgBA or csgDEFG promoter fusion was grown on buffered YESCA plates in the presence and absence of 10 mM GlcNAc. The plates were buffered to prevent pH fluctuations caused by addition of GlcNAc, since pH changes could potentially complicate the analysis. Transcription from the csgBA promoter was reduced approximately 6-fold and csg-DEFG promoter activity was reduced 2.5-fold after growth on YESCA plates containing 10 mM GlcNAc (Table 4) . Western blots confirmed that there were reductions in the steady-state levels of CsgA when Wt cells were grown in the presence of 10 mM GlcNAc (Fig. 3C, lanes 2 and 4) . The CsgA protein levels and transcription from the csgBA promoter were reproducibly lower on buffered YESCA plates (pH 8.1, 7.0, and 5.5) than on unbuffered YESCA plates (Fig. 3C, lanes 2 and 6, Tables 3 and 4 , and data not shown). Although we are not sure why growth on buffered plates reduced CsgA stability and csgBA transcription, this effect was specific to the csgBA promoter as the csgDEFG promoter was not affected by growth on buffered plates (Tables  3 and 4) . CR ؉ ⌬nagA suppressors develop after extended growth on YESCA plates. We found that CR ϩ ⌬nagA suppressors devel- oped after 96 h of growth on CR-YESCA plates. CR ϩ ⌬nagA suppressors were isolated as single colonies (Fig. 4A) and were analyzed to determine whether they retained the nagA deletion. The CR ϩ ⌬nagA suppressors were unable to utilize GlcNAc as the sole carbon source, indicating that they retained the nagA deletion ( Fig. 4B and C) . PCR was used to confirm the presence of the nagA deletion in the suppressors (data not shown). We reasoned that CR ϩ ⌬nagA suppressors may have reduced the capacity to take up GlcNAc and that NagE was nonfunctional or not expressed. Therefore, we sequenced nagE in 11 ⌬nagA CR ϩ suppressor mutants, and 10 of these 11 suppressor mutants had changes in nagE (Fig. 5A) . We found that IS1 and IS5 elements had inserted into the nagE promoter or shortly after the nagE start codon (Fig. 5A) . Two suppressors had a duplication or a deletion of 14-bp sequences in nagE that resulted in premature stop codons in nagE (Fig. 5A) .
We hypothesized that the 11th suppressor might have a mutation in nagC that resulted in reduced expression of nagE, thereby reducing GlcNAc transport into the cell. We sequenced nagC in the last suppressor and found a point mutation that caused a single amino acid substitution at position 156 that changed glycine to arginine. We refer to this allele of nagC below as nagC4. nagC4 was cloned into plasmid pTrc99A, and its ability to complement a ⌬nagA strain for CR binding was assessed. nagC4 restored CR binding and curli production to a ⌬nagA strain, while nagC did not complement a ⌬nagA strain for CR binding (Fig. 5B) . Since nagC4 could complement a ⌬nagA strain for CR binding, we predicted that overexpression of this allele in a Wt strain might prevent the strain from utilizing GlcNAc as a carbon source by constitutively repressing the nag genes. Bacteria that can utilize GlcNAc turn pink when they are grown on MacConkey agar plates containing GlcNAc, and strains that do not utilize GlcNAc remain white. When Wt nagC was overexpressed in a Wt or ⌬nagC strain, GlcNAc was utilized as a carbon source (Fig. 5C) . However, overexpression of nagC4 in a Wt or ⌬nagC strain resulted in an inability of the strain to utilize GlcNAc (Fig.  5C ), suggesting that nagC4 constitutively represses the nag genes. 
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GlcNAc-6P modulates curli gene expression. Mutations that disrupt GlcNAc metabolism result in reduced levels of csgBA and csgDEFG transcription and curli production ( Fig. 2 and 3 and Table 3 ). Addition of excess GlcNAc to media reduces csgBA and csgDEFG transcription in a Wt strain (Table 4) . Curli production is restored in nagA or nagC mutants by deletion of the GlcNAc transporter gene, nagE ( Fig. 2 and 3) . Curli production is also restored in nagA mutants by suppressor mutations that map to nagE or nagC (Fig. 4 and 5) . Collectively, these results suggest that excess GlcNAc-6P inside the cell results in reduced curli gene expression. However, the molecular details of curli gene repression by GlcNAc-6P remain unknown. NagC is thought to be a functional regulator only in the absence of GlcNAc since NagC-GlcNAc-6P binds DNA poorly (40) . In the absence of nagA, GlcNAc-6P accumulates in the cell (55) and binds to NagC, preventing NagC-mediated repression at the nag promoters (40) . Given our observation that nagA mutants have lower csgBA and csgDEFG promoter activities, it is possible that NagC directly activates the csgBA promoter in the absence of GlcNAc-6P. However, NagC is not required for curli expression in certain genetic backgrounds. Both ⌬nagEC and ⌬nagBACD ⌬nagE strains produce curli ( Fig. 2B and 3) , and a search for NagC binding sites in the intergenic region between the two curli operons did not reveal any putative sites (data not shown). Furthermore, the curli defect in the ⌬nagA strain, which is phenotypically a nagC mutant (40) , is much more pronounced than the defect in the ⌬nagC strain (Fig. 2B and 3 and Table 3 ).
Instead, we hypothesized that the ⌬nagC strain is defective in curli production because of an increase in nagE expression, which results in more intracellular GlcNAc-6P. In the case of the ⌬nagA strain, not only is nagE up-regulated, resulting in an increase in the intracellular GlcNAc-6P levels, but once GlcNAc-6P enters the cell, there is no way to degrade it (40, 55) . When the GlcNAc-6P levels in the cell are lower, as they are in ⌬nagEC, ⌬nagEA, ⌬nagBACD ⌬nagE, or CR ϩ ⌬nagA suppressor strains, curli production is restored (Fig. 2B, 3, 4, and 5) .
The mutation of one of the CR ϩ ⌬nagA suppressor mutants that we isolated mapped to nagC. The allele of nagC, nagC4, was dominant over Wt nagC (Fig. 5B and C) and did not exhibit GlcNAc sugar sensitivity (Barnhart and Chapman, unpublished results), which is the inability to grow in rich media in the presence of exogenous GlcNAc (3, 55) . nagC4 likely results in reduced GlcNAc transport into the cell due to a decrease in nagE expression. Therefore, when nagC4 is expressed in a ⌬nagA strain, CR binding is restored because GlcNAc-6P does not accumulate in the cells.
nagC4 encodes a protein that differs from Wt NagC only at amino acid 156. This amino acid is not within the helix-turnhelix motif of NagC, which is amino acids 33 to 56 (37) , suggesting that the mutation does not affect DNA binding. Previous work identified nagA suppressor mutants that allow bacteria to grow in the presence of GlcNAc while they remain unable to utilize GlcNAc as a carbon source (55) . One such suppressor mutation was mapped to nagC (39) . The nagC mutant did not respond to GlcNAc-6P, constitutively repressed the nag genes, and was dominant over Wt nagC. Plumbridge (39) postulated that this nagC allele, which results in a leucineto-proline substitution at amino acid 125, did not bind to GlcNAc-6P. We predict that amino acid 156 and amino acid 125 form part of the GlcNAc-6P-responsive domain of NagC.
Here, we provide genetic evidence that nagA suppressor mutations also occur in nagE. It was postulated that disruption of nagE would also allow suppression of GlcNAc sugar sensitivity in nagA mutants (39) . Although we isolated nagA suppressors by screening for reconstitution of curli production, the CR ϩ ⌬nagA suppressors were not sugar sensitive (Barnhart and Chapman, unpublished results). Since the CR ϩ ⌬nagA suppressor mutants block GlcNAc-6P uptake by rendering nagE nonfunctional, these results support the hypothesis that high intracellular levels of GlcNAc-6P down-regulate csg expression.
Curli are not the only extracellular surface fibers regulated in response to GlcNAc. The type 1 pilus genes in E. coli are subject to phase variation, which is controlled by an invertible element in the promoter that switches the promoter between the on and off orientations. FimB is the recombinase that switches the promoter from the off orientation to the on orientation (28) . High levels of GlcNAc turn off fimB transcription in a NagC-dependent fashion (50) , which should fix the type 1 pilus promoter in the off position. Like curli, type 1 pili are required for biofilm formation (42) . E. coli also produces an extracellular GlcNAc polymer important for biofilm formation (54) . However, it is not known whether the nag genes are required for assembly of this polymer. Additionally, in Vibrio cholerae a novel type IV pilus is positively regulated in response to chitin, which is a GlcNAc polymer (32) . Therefore, intracellular levels of GlcNAc appear to be an emerging regulator of extracellular fiber production and community behavior.
